Influences of buffer systems on chondrocyte growth during long-term culture in alginate  by Xu, X. et al.
Osteoarthritis and Cartilage (2007) 15, 396e402
Crown Copyright ª 2006 Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International. All rights reserved.
doi:10.1016/j.joca.2006.09.009Inﬂuences of buffer systems on chondrocyte growth during
long-term culture in alginate
X. Xu Ph.D.y, J. P. G. Urban Ph.D.z, J. A. Browning Ph.D.z, U. Tirlapur Ph.D.y,
R. J. Wilkins Ph.D.z, M.-H. Wu Ph.D.y, Z. Cui Ph.D.x and Z. Cui Ph.D.y*
yDepartment of Engineering Science, University of Oxford, Parks Road, Oxford OX1 3PJ, UK
zPhysiology Laboratory, University of Oxford, Parks Road, Oxford OX1 3PT, UK
xCentral Microstructure Facility, Engineering and Instrumentation Department,
CCLRC Rutherford Appleton Laboratory, Didcot, Oxon OX11 0QX, UK
Abstract
Objective: Chondrocyte behavior is very sensitive to culture environment such as physical and biochemical conditions. As extracellular pH
(pHo) and the existence of bicarbonate could affect the chondrocyte fate, hence, the purpose of this study is to investigate the buffer system
effect on chondrocyte fate during relatively long-term culture.
Methods: In order to examine whether effects seen were due to bicarbonate or to pHo, we had to devise a system which could differentiate
between the two effects. Culture media buffered by N-2-hydroxyethyl piperazine-N0-2-ethanesulfonic acid (HEPES) only and the combination
of HEPES and bicarbonate were used. Bovine articular chondrocytes were cultured in alginate beads for up to 12 days. pHo was kept constant
by culture of 3 beads in 2 ml culture medium. Cell density, intracellular pH (pHi) and glycosaminoglycan (GAG) were measured at day 5 and
day 12. Cell morphology, distribution and viability in alginate beads were monitored over 12 days of culture.
Results: Compared to culture in the absence of bicarbonate, a higher proliferation rate of chondrocytes was observed in the presence of
bicarbonate. pHi was more alkaline, about 0.2 pH unit, in the presence of bicarbonate than that in the absence of bicarbonate. About 50%
more GAG was deposited in alginate beads when chondrocytes were cultured in the combination of HEPES and bicarbonate, compared
to chondrocytes cultured in the absence of NaHCO3 at the end of 12 days of culture.
Conclusion: The presence of bicarbonate results in more alkaline in the pHi of bovine chondrocytes after long-term culture. The combination of
bicarbonate and HEPES in culture medium improves cell growth, matrix production in three-dimensional alginate beads.
Crown Copyright ª 2006 Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International. All rights reserved.
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International
Cartilage
Repair
SocietyIntroduction
Articular cartilage, a load-bearing living tissue, is widely dis-
tributed throughout the human/animal body in synovial
joints. Because it is avascular, aneural and alymphatic,
cartilage has little capacity to self-repair once it is damaged.
In order to treat cartilage disease, many approaches have
been tried, including transplantation of heterologous or
autologous chondrocytes1. Recently engineered cartilage
obtained by tissue engineering techniques has attracted
more and more attention as a possible choice for healing ar-
ticular cartilage defects2.
Chondrocytes, as the only cell type present in articular
cartilage, are a critical element in the development of engi-
neered cartilage. During engineered tissue culture, chon-
drocytes secrete glycosaminoglycan (GAG) and collagen
to build extracellular matrix, which replaces original artiﬁcial
scaffold to form replacement cartilage with proper functions.
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cantly dependent on culture conditions such as mechanical
stimuli3,4, composition of culture medium5,6 and oxygen ten-
sion7,8. Although progress has been made in the production
of engineered cartilage, the search for optimal culture con-
ditions for this process is still underway.
The composition of the culture medium is important for
the development of engineered tissues with proper func-
tions. During long-term cell/tissue culture, the culture me-
dium should be close to the composition of mammalian
body ﬂuid and should be able to maintain medium pH at
a relatively steady value. In order to avoid adverse effects,
culture media such as Hanks, Eagle, Ringer etc., which
contain only a few salts, are not appropriate for long-term
culture. Hence, a culture medium such as Dulbecco’s Mod-
iﬁed Eagle’s Medium (DMEM), which contains salts and
other solutes at a near-physiological level, is preferred. In
addition, due to an increase in lacticogenesis during culture,
a ﬂuctuation in the pH of culture medium frequently occurs
during long-term culture, especially if there is an increase in
lactic acid production during culture. As previous studies
demonstrated, the choice of medium buffer is critical in
determining the functions of cultured cells9,10. Therefore,
a buffered culture medium, which has the capacity to main-
tain its pH, is required.96
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culture medium. One is to add N-2-hydroxyethyl piperazine-
N0-2-ethanesulfonic acid (HEPES) in the millimolar concen-
tration range. It has been shown that buffering culture
medium with zwitterions lengthens the period of hemopoi-
etic activity11. A change in membrane potential in rat dorsal
vagal motoneurons occurs following the addition of HEPES
to the culture medium12. In addition, HEPES alters rabbit
lung endothelial permeability13. However, it should be noted
that addition of HEPES results in adverse effects on cell
membrane14, and interference with ion channels15. Another
approach to improve buffer capacity is to add sodium bicar-
bonate to the culture medium. Waldman et al. have
indicated how important bicarbonate affects chondrocyte
responses during culture16. It should be pointed out that
the culture medium containing bicarbonate must be incu-
bated under the appropriate CO2 concentration to maintain
medium pH in the range desired.
Due to the effect of extracellular pH (pHo) on matrix pro-
duction17, for example, at pH 6.6, the synthesis of GAG is
dramatically decreased, compared to at pH 7.218, the buffer
capacity of the culture medium, which contains a buffer to
maintain a steady pHo, is important to determine the cell
fate. Furthermore, as the existence of bicarbonate could af-
fect the chondrocyte fate demonstrated by Waldman et al.16,
hence, the purpose of this study is to investigate the buffer
system effect on chondrocyte fate during relatively long-
term culture. We set out to examine whether effects seen
were due to bicarbonate or to pHo. We had to devise a sys-
tem which could differentiate between the two effects. Two
buffer systems, HEPES only, and bicarbonate and HEPES,
were chosen in the present work. Chondrocytes were
seeded into three-dimensional (3D) hydrogel scaffold-algi-
nate beads, and then cultured in medium supplemented
with HEPES alone, or with a combination of HEPES and
sodium bicarbonate. pHo was kept constant by culture in
large amount of medium (3 beads/2 ml) to be able to study
the effect of bicarbonate on chondrocyte growth.
Materials and methods
ISOLATION OF CHONDROCYTES AND CULTURE
Chondrocytes were isolated as previously described19.
Brieﬂy, chondrocytes were isolated from bovine feet ob-
tained from the local abattoir. Articular cartilage was cut
from the metacarpophalangeal joint and placed in DMEM
plus collagenase type I (1 mg/ml) and 2% (v/v) penicillin
(10,000 units/ml) and streptomycin (10 mg/ml), and am-
photericin (250 mg/ml) (Life Technologies, Paisley, UK) at
37C for 18 h. After isolation, cell number and cell viability
were assayed using a trypan blue exclusion test on a hema-
cytometer. Viability greater than 96% was used for further
experiment. Isolated chondrocytes were encapsulated in al-
ginate beads at a density of 4 106 cells/ml. The prepara-
tion of alginate beads with chondrocytes was as follows.
The cells were suspended in sterile 0.9% NaCl solution con-
taining 1.2% low viscosity alginate gel (Merck, UK). The cell
suspension was slowly pressed through a 22-gage needle to
a sterilized 102 mMCaCl2 solution. The alginate beads were
polymerized in 10 min, washed twice using 0.9% NaCl solu-
tion, and followed by two washes in culture medium.
There were two culture media to be tested in this study:
Culture medium A was DMEM (Sigma 2902) buffered with
HEPES (25 mM), and supplemented with fresh 50 mg/ml
L-ascorbic acid, 10% fetal bovine serum and 2% (v/v) pen-
icillin (10,000 units/ml) and streptomycin (10 mg/ml), andamphotericin (250 mg/ml). The pH was adjusted to 7.4 using
5 N NaOH and HCl. Culture medium B had the same com-
position as culture medium A, but buffered by a combination
of NaHCO3 (44 mM) and HEPES (25 mM). The pH was ad-
justed to 7.4 using 5 N NaOH and HCl when saturated with
5% CO2. The osmolarity of both culture media was adjusted
to 380 mOsm using concentrated NaCl and KCl. Osmolality
was measured using freezing point depression osmometer
(Osmomat 030, Gonotech GmbH, Germany). The alginate
beads were cultured in 24-well microplates (3 beads/well)
with 2 ml culture medium A in a humidiﬁed air incubator
and 2 ml culture medium B in a 5% CO2 humidiﬁed incuba-
tor at 37C for up to 12 days. The culture medium was re-
placed every 2e3 days. The pH of culture medium was
measured before each replacement. To avoid pH change
in the culture medium B caused by CO2 removal, the culture
medium was inhaled into a syringe, in which air was re-
moved, and then the pH of the sample was immediately
measured using a pH meter. During 12 days of culture,
media were kept and cultured beads were harvested for bio-
chemical and morphological evaluation. For each condition,
experiments were carried out in triplicate. All experiments
were repeated at least three times, using cells from different
animals.
CELL CONTENT
The number of chondrocytes in beads was determined by
DNA content using Hoechst 33258 analysis20. The alginate
beads were dissolved in 55 mM sodium citrate and 5 mM
cysteine hydrochloride and 5 mM ethylenediaminetetraace-
tic acid (EDTA) in 0.9% NaCl for 15 min, then the solubilized
beads were digested with 125 mg/ml papain solution at 60C
overnight. Cell concentration was determined from the DNA
content of the digest. DNA concentration was measured us-
ing a microplate reader (Genois, Tecan, UK) after staining
with 33258 Hoechst dye. The ﬂuorescence was measured
at excitation of 360 nm and emission of 430 nm. With calf
thymus DNA as the standard, cell numbers were calculated
using a concentration of 7.7 pg DNA/chondrocyte.
CELL MORPHOLOGY STUDY
Samples were stained with live/dead dye (Calcein/propi-
dium iodide, Molecular Probes, UK) at 1% for 20 min at
37C. Live cells demonstrate a green color, and dead cells
are a red color. Cell morphology and distribution in the beads
were observed using multi-photon microscopy (MPM) con-
taining a femtosecond laser (Verdi, Coherent, Ely, UK),
a modiﬁed Bio-Rad Radiance 2100 multi-photon dedicated
(MPD) laser scanning, detection system (Formerly, Bio-
Rad Microscience Ltd., Hemel Hempstead, UK; Currently
Zeiss, GmbH, Jena, Germany) and modiﬁed Nikon
E600FN upright microscope (Nikon UK Ltd., Surrey, UK).
Serial optical sectioning of the specimen along the z-axis
(with a minimum step size of 150 nm) was performed using
a stepper motor control of the focusing objective lens. Im-
ages were taken under ﬂuorescence throughout the whole
thickness of beads.
INTRACELLULAR pH (pHI) MEASUREMENT
Measuring solution A, used to measure pHi of chondro-
cytes cultured in HEPES buffered culture medium com-
prised (in mM) NaCl (200), KCl (7) and HEPES (25) with
pH adjusted to 7.4 using concentrated NaOH. Measuring
solution B, used to measure pH of chondrocytes cultured
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 buffered culture medium comprised NaCl
(155), KCl (6) and NaHCO3 (44) with pH adjusted to 7.4 by
gassing with CO2. High-K
þ solution was identical in compo-
sition to measuring solution A except that NaCl was re-
placed with KCl and pH was adjusted using concentrated
KOH. Citrate buffer comprised sodium citrate (55), EDTA
(50) and NaCl (150).
pHi of cultured chondrocytes was determined after 5 and
12 days of culture using the pH sensitive ﬂuorophore 20,70-
bis(carboxyethyl)-5(6)-carboxyﬂuorescein (BCECF; Calbio-
chem, UK) in conjunction with cuvette ﬂuorimetry. Previous
work has established that this dye is suitable for use for de-
terminations of pHi in articular chondrocytes
21 and this dye
has been used extensively for this purpose22,23.
Chondrocytes cultured in alginate beads in the presence
and absence of HCO3
 were released by incubation in citrate
buffer for 15 min and loaded with BCECF using the mem-
brane permeate ester derivative BCECF-acetoxy methyl es-
ter (BCECF-AM). BCECF-AM diffuses into cells where it is
hydrolyzed to membrane impermeate BCECF by endoge-
nous esterases leaving the ﬂuorophore trapped inside the
cytosol. Chondrocytes (0.16 million cells/ml) were incubated
with BCECF-AM (10 mM) for approximately 30 min at 37C
in measuring solution A or B. This loading protocol has
previously been shown to achieve a strong ﬂuorescent
signal in this cell type20.
For determinations of pHi, chondrocytes loaded with
BCECF were washed to remove extracellular BCECF-AM
and resuspended in the appropriate solution in a cuvette.
The cuvette was transferred to a thermoregulated ﬂuorime-
ter (F2500, Hitachi, Japan) and the dye-loaded cells alter-
nately excited at 490 and 439 nm with ﬂuorescence
emission measured at 535 nm. BCECF is maximally pH
sensitive at an excitation wavelength of 490 nm, and virtu-
ally pH insensitive at an excitation wavelength of 439 nm.
The ratio (R) of the ﬂuorescence intensity (I ) measured at
490 and 439 nm (I490/I439) is therefore independent of dye
concentration and dependent only on pHi.
R was converted to pH using the well-established niger-
icin-high Kþ calibration method24. Stock solutions of niger-
icin were made up in ethanol (3 mM). Chondrocytes
loaded with BCECF were suspended in high-Kþ solution
(0.16 million cells/ml) supplemented with nigericin (3 mM).
Chondrocyte suspension was then transferred to a cuvette
and ﬂuorescence was measured as described above. pHo
was adjusted using concentrated KOH and measured using
a glass electrode coupled to a pH meter. This procedure
was repeated at three different pH values over the range
6.3e8. Nigericin is a Kþ/Hþ ionophore and, under condi-
tions where no Kþ gradient exists across the cell mem-
brane, it equilibrates pHi and pHo. In this way BCECF
ﬂuorescence can be calibrated and converted to pH. Over
the pH range 6.3e8 R varies linearly with pH and linear cal-
ibration curves were constructed.
BIOCHEMICAL ASSAY
During culture, the medium was changed every 2e3
days. Prior to each change, a medium sample was taken
and the pH of the medium was checked and then frozen
at 20C. At the end of day 5 and day 12 of culture, the
beads were frozen and digested. Lactate concentration
was assessed by using lactic acid kit (Trinity Biotech,
Ireland). GAG in digested alginate beads was determined
spectrophotometrically (Genois, Tecan, UK) using modiﬁed
dimethyl-methylene blue (DMB) method25, in which the pH
of DMB dye solution was 2.3. GAG concentration indigested beads was determined at 600 nm. Chondroitin
sulfate A sodium salt was used as the standard.
All chemicals, unless otherwise stated, were purchased
from Sigma, Poole, UK.
Statistical analysis
Unless stated otherwise, data are presented as the
mean the standard deviation of at least three separate ex-
periments (n 3). To determine the effects of buffer system
on the growth of chondrocytes (DNA content, pHi, GAG and
collagen production), two-tailed Student’s t test was used.
Data presented here represented comparison of samples
from three runs of each condition.
Results
LACTATE CONCENTRATION IN THE CULTURE MEDIUM
When chondrocytes were cultured in 1.2% alginate beads
with different culture media, the lactate concentration in the
medium was measured each time when the culture medium
was changed every 2e3 days. The pH of culture medium
was measured before each change. When the culture me-
dium was buffered with HEPES alone, the pH was kept at
7.29 0.04 after 2e3 days of culture, while in the presence
of bicarbonate the pH wasmaintained at 7.34 0.06. Repre-
sentative data of lactate concentration in themedium over 12
days of culture are shown in Fig. 1. The lactate concentration
during culture using the medium in the presence of NaHCO3
was signiﬁcantly greater than in the absence of NaHCO3
(P< 0.05) at day 12. When the cells were cultured in the me-
dium with NaHCO3, the lactate concentration reached about
400 mg/ml over 12 days of culture. In contrast, when the cells
were cultured in the absence of NaHCO3, the lactate con-
centration in the culture medium was nearly 100 mg/ml less
during the same period of culture time.
CELL CONTENT
After 5 and 12 days of culture, the DNA content in two dif-
ferent culture conditions was assayed using Hoechst dye
staining. DNA content at the two culture conditions was
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Fig. 1. Lactate concentration in the culture medium during 12 days
of culture, *P¼ 0.08 (initial cell density of 4 million cells/ml, 1.2%
alginate).
399Osteoarthritis and Cartilage Vol. 15, No. 4compared using the ratio of cell density after culture to the
initial cell seeding density. The cell density in the presence
of NaHCO3 was markedly greater than that in the absence
of NaHCO3 at the end of 12 days of culture, as shown in
Fig. 2. A gradual increase in the cell content after 5 days
of culture in the presence of bicarbonate was achieved.
A further increase was observed at the end of 12 days of
culture when bicarbonate and HEPES were used together,
but not in the HEPES only buffered culture medium. Com-
pared to the culture under HEPES only, cell content in-
creased by about 40%. In contrast, there was no dramatic
increase in the cell content compared to the initial cell seed-
ing density under HEPES only.
CELL MORPHOLOGY
Fluorescence MPM was used to examine cell viability
and morphology of chondrocytes seeded into 1.2% alginate
beads and cultured in the presence or absence of NaHCO3.
Cell-alginate beads were stained with live/dead dye and
then visualized freshly without ﬁxation. Figure 3 shows 3D
images of chondrocytes in the whole thickness of alginate
beads at week 1 and week 2. As shown in Fig. 3, almost
all cells were alive over 12 days of culture. The change in
the cell density was in accordance with the DNA assay
shown in Fig. 2, in the presence and absence of NaHCO3.
During 12 days of culture, the chondrocytes maintained
a round phenotype in both culture conditions. In addition,
when cultured in the presence of NaHCO3, chondrocytes
were more likely to live in pairs or clusters, as shown in
Fig. 3, whereas it was hard to ﬁnd any cell clusters in the
absence of NaHCO3.
PHI MEASUREMENT
pHi was determined for chondrocytes cultured in the pres-
ence and absence of HCO3
 after 5 and 12 days of culture.
Results from these measurements are presented in Fig. 4.
pHi of chondrocytes cultured in the presence of HCO3

was more alkaline than those cells cultured in the absence
of HCO3
 after 5 and 12 days of culture. pHi acidiﬁed
between day 5 and day 12 under both culture conditions
(Fig. 4).GAG ACCUMULATION IN THE BEADS
GAG deposition was monitored during 12 days of culture
when chondrocytes were cultured in the presence or ab-
sence of NaHCO3. GAG deposition into the constructs is
shown in Fig. 5. GAG deposition increased with culture
time under both culture conditions, especially in the pres-
ence of bicarbonate. As shown in Fig. 5, a marked increase
in GAG retention in alginate beads was achieved at day 12
when cells were cultured in the presence of NaHCO3. In ad-
dition, GAG retention in the presence of bicarbonate was
noticeably greater than that in the absence of bicarbonate
over 12 days of culture.
Discussion
Functions of engineered cartilage are affected by many
physical and biochemical factors3e8. In this study, the ef-
fects of buffered culture medium on the fate of chondrocytes
in 3D alginate scaffolds were investigated.
Bicarbonate as an open buffer system has the capacity
of maintaining medium pH steady during cell culture in
the presence of CO2. In the presence of bicarbonate the
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400 X. Xu et al.: Inﬂuences of buffer systems on chondrocyte growthpH of culture medium is dependent on the concentration
of bicarbonate, in which the pH is determined by
(pKaþ log10([HCO3]/[CO2]). The pKa of bicarbonate is
6.35. As indicated in the previous study, after 4 weeks of
chondrocyte culture, the pH of medium containing 7 mM
bicarbonate was 7.0. In contrast, when the concentration
of bicarbonate was increased to 14 mM, after 4 weeks of
culture it was 7.3316. To improve the buffer capacity, the
concentration of bicarbonate at 44 mM was used in the cur-
rent work. It should be noted that when culture medium with
bicarbonate is exposed to air atmosphere, pH drifts quickly
to alkaline state26. In order to improve buffer capacity of
culture medium buffered by bicarbonate, HEPES, a weak
acid (HA4Hþþ A), is added to the culture medium.
The pKa of HEPES is 7.3 at 37
C, which is an effective
buffer for cell culture. When cells were cultured in air with-
out CO2 supply, the culture medium buffered by HEPES
only was used.
In order to identify the factor which causes difference in
chondrocyte behavior at the different buffer systems, the
inﬂuence caused by the ﬂuctuation in medium pH during
culture should be eliminated. So we used three alginate
beads with large volume of culture medium (2 ml) compared
to the conventional culture method to keep medium pH
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Fig. 4. pHi of chondrocytes after 5 and 12 days of culture with me-
dium buffered by HEPES only and by HEPES and bicarbonate,
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Fig. 5. GAG retention in alginate beads during 12 days of culture,
*P< 0.05 (initial cell seeding density of 4 million cells/ml, ml is equal
to the volume of beads).stable, and changed culture medium every 2e3 days during
12 days of culture. In this way, we were able to maintain
medium pH at 7.29 0.04 and 7.34 0.06 for medium buff-
ered by HEPES only and HEPES and bicarbonate, respec-
tively. At this culture condition, we could thus determine
how changes in chondrocyte behavior were related to the
buffer system and to a stable pHo.
The importance of pHi on chondrocyte metabolism has
been studied previously and reported by Wilkins and
Hall27. Chondrocytes maintain pHi even when the pHo be-
comes slightly acidic, mainly through NaþeHþ ex-
changer28. The cell membrane is semi-permeable. There
is no direct relationship between pHi and pHo. For all cells,
pHi is determined by the balance between acid-loading and
acid-extruding processes. Acid loading is accounted for by
the inward leak of Hþ ions into the cytosol from the extracel-
lular compartment and acidic intracellular organelles, as
well as the production of metabolites which can directly
acidify pHi. Furthermore, all cells express a range of
HCO3
 dependent and independent membrane transport
mechanisms which either load or extrude cytosolic proton-
equivalents. Clearly, when pHi is constant, acid-loading
processes are precisely matched by acid extrusion29.
Since it has been found that freshly isolated bovine chon-
drocytes do not maintain pHi using bicarbonate trans-
porters, unlike other cell types21,28,30,31, the response to
bicarbonate seen previously is somewhat surprising and
important to investigate. Previous studies have established
that, in contrast to cultured articular chondrocytes, freshly
isolated bovine chondrocytes do not express functionally
active HCO3
 dependent acid transporting processes and
rely instead on HCO3
 independent mechanism28,30. This
has been interpreted as reﬂecting the low functional activity
of carbonic anhydrase, the enzyme which catalyses the
generation of HCO3
 from the hydration of CO2, meaning
that substrate availability for HCO3
 dependent transporters
is restricted32. In keeping with these data, there is no differ-
ence in pHi between freshly isolated bovine chondrocytes in
HCO3
 free and HCO3
 containing media21,33.
In contrast, in the current study, we demonstrate that ar-
ticular chondrocytes cultured in the presence of HCO3
 for 5
and 12 days are signiﬁcantly more alkaline than cells cul-
tured in the presence of HEPES buffer alone. The concen-
tration of HCO3
 in culture media used in the current study
(44 mM) is signiﬁcantly higher than that predicted for carti-
lage tissue in vivo (20 mM)30. Although it is not possible
to draw ﬁrm conclusions from the data presented here, it
is intriguing to speculate that the more alkaline pHi of
HCO3
-cultured chondrocytes reﬂects adaptation of these
cells to raised HCO3
 levels and increased expression of
HCO3
 dependent acid extruding membrane transport pro-
cesses. In keeping with this, we and others have previously
demonstrated that chondrocytes cultured long-term demon-
strate greater levels of HCO3
 dependent transporter activ-
ity, as well as of carbonic anhydrase28,31.
It is interesting to note that many of the metabolic alter-
ations detected for chondrocytes cultured in the presence
of HCO3
 compared to its absence are potentially explicable
in terms of a primary alteration to cytosolic pH. It has previ-
ously been demonstrated that GAG and collagen synthesis
demonstrates a biphasic dependence on pHi
28. Similarly,
the rate of lactate production can potentially be modiﬁed
by alterations to pH18. Furthermore, it is conceivable that
the alkaline pHi measured for cells cultured in the presence
of bicarbonate and HEPES could be a determinant of the
raised cell proliferation rate for cells cultured under these
conditions (Figs. 2 and 3)34.
401Osteoarthritis and Cartilage Vol. 15, No. 4The observation that the presence of HCO3
 can exert
a signiﬁcant modulatory effect on pHi of cultured chondro-
cytes clearly has signiﬁcant implications for the develop-
ment of engineered tissue, particularly given that it is also
associated with a number of metabolic perturbations, which
have inﬂuence on maintaining steady culture environment
(intracellular and extracellular) during long-term culture.
The presence of HCO3
 appears to encourage a signiﬁcant
increase in cell number. Therefore, adaptation of cells to
culture conditions should be considered.
A disparity in cell morphology between the current and
previous work existed. More ﬂattened cells were distrib-
uted on the surface of cell pellet in the presence of bicar-
bonate16 compared to round shape cells throughout the
whole thickness of alginate beads in our work, whatever
the culture condition was. This could be caused by the
different culture methods used. In the previous work16,
cells were cultured on the surface of collagen-coated ﬁlter
at high density, not in 3D scaffold. Although cells were
kept their chondrocyte phenotype during 12 days of cul-
ture in the presence and absence of bicarbonate, a differ-
ence in the distribution of chondrocytes throughout 3D
alginate beads was observed. As seen in Fig. 3, in the
presence of bicarbonate, some cells were located in
beads in clusters and pairs. On the contrary, in the ab-
sence of bicarbonate, most cells were distributed individ-
ually. It is not clear what causes the difference in cell
distribution in the differently buffered media. Maybe the
presence of bicarbonate results in difference in culture
microenvironment which leads to the difference in celle
matrix and cellecell communication.
Conclusions
In this work the effect of HEPES buffered culture medium
with or without bicarbonate on articular bovine chondrocyte
fate during 12 days of culture in 3D hydrogel was studied.
pHo is relatively stable for both culture medium systems.
The presence of bicarbonate results in a higher pHi after
long-term culture. The combination of bicarbonate and
HEPES in culture medium appears to encourage an in-
crease in cell number after 12 days of culture. In addition,
the total GAG deposition in alginate provides a positive
sign in the presence of bicarbonate as it governs mechan-
ical function of the construct. Hence, the presence of
HCO3
 can exert a signiﬁcant effect on chondrocyte behav-
ior which clearly has signiﬁcant implications for the develop-
ment of engineered tissue.
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